Objective: In aging populations, poor handgrip strength has been associated with physical disability and mortality. IGF1 is an important mediator of muscle growth and regeneration affecting muscle function. We studied the relationship between circulating levels of IGF1, its binding protein 3 (IGFBP3), and handgrip strength and physical performance in middle-aged-and oldest-old subjects. Design: Cross-sectional analysis in two different cohorts composed of middle-aged-(nZ672, mean 63.9G6.7 years) and oldest-old subjects (nZ272, all 89 years). Methods: Handgrip strength, functional performance and ability, and serum levels of IGF1 and IGFBP3 were measured in all subjects and analyzed by linear regression for men and women separately. Results: IGF1 and IGFBP3 levels declined with chronological age and were positively associated with handgrip strength in middle-aged-and oldest-old women (both, P!0.05), but not in men of either age group. Furthermore, higher serum levels of IGF1 were associated with slower walking speed in oldestold men (PZ0.012), and serum levels of IGFBP3 were positively associated with activities of daily living in the oldest-old women (PZ0.002). Conclusion: The significant relationship between IGF1 levels and muscle strength found in women but not in men suggests a gender-specific influence of IGF1 on muscle strength. Further studies are necessary to test the relationship with physical performance.
Introduction
Aging is associated with a decline in muscle mass, commonly referred to as sarcopenia. Sarcopenia is a major determinant of muscle strength loss in the elderly. Poor muscular strength is in turn associated with adverse outcomes, such as physical disability and mortality (1) (2) (3) . Depending on the definition used, the prevalence of sarcopenia is reported to be as high as 60% in the general oldest-old population over 85 years of age (4) . By 2050, oldest-old subjects will account for one-fifth of all older persons globally (5) . In view of the detrimental functional effects, sarcopenia may have on the quality of life and survival of our aging societies; research into its etiology is important for optimization of preventive and therapeutic strategies.
The pathophysiology of sarcopenia is complex and involves interplay of multiple factors including chronic diseases, inflammatory, metabolic, nutritional, and hormonal factors (4) . With regard to hormonal factors, evidence increasingly suggests an association between age-dependent decline in levels of growth hormone (GH) and insulin-like growth factor 1 (IGF1), the major mediator of GH action, with unfavorable changes in body composition with age (6, 7) . Moreover, the reduction in physical activity also contributes to the decline in GH secretion and alteration in body composition during aging (6) . Both GH and IGF1 have important anabolic effects on skeletal muscle tissue. IGF1 has been shown to stimulate muscle cell proliferation and differentiation, facilitate muscle protein synthesis, and inhibit its degradation (8) .
Previous studies have assessed the association between IGF1 and IGF-binding protein 3 (IGFBP3) and functional outcome in older people. Low serum levels of IGF1 and IGFBP3 were reported to be associated with poorer muscular strength, walking speed, mobility tasks, various physical performance, and all-cause mortality in the elderly (9) (10) (11) (12) . GH therapy has been associated with increased lean body mass and decreased fat mass (13) (14) (15) , but evidence is still lacking on its effectiveness in improving muscle function and overall physical performance in the old. However, aforementioned studies were not consistent in their findings and did not include the group of the oldest-old subjects.
More research is needed to assess the association between these hormonal factors and muscle function, overall physical performance and disability. We assessed this relationship in two different age groups composed of middle-aged-and oldest-old subjects. We hypothesized that lower levels of IGF1 are associated with lower muscle strength in middle-aged-and oldest-old subjects, and that lower levels of IGF1 are associated with impaired physical performance and disability in the oldest-old subjects.
Method

Subjects
Data for the middle-aged-and oldest-old subjects were obtained from the Leiden Longevity Study and Leiden 85-plus Study respectively. In the Leiden Longevity Study, 420 families consisting of long-living Caucasian siblings together with their middle-aged-old offspring and the partners thereof were recruited (16) . This study included 672 of the middle-aged-old offspring and their partners. All subjects visited the study center where measurements were performed. The Leiden 85-plus Study is a community-based prospective follow-up study of inhabitants of the city of Leiden, The Netherlands (17) . Enrollment took place between 1997 and 1999. All inhabitants who reached the age of 85 years were eligible to participate (nZ599). Subjects were visited annually at their place of residence where various tests were performed. Follow-up continued until death or 90 years of age. The current study included 272 oldest-old subjects who were alive at the age of 89 years. There were no selection criteria on health or demographic characteristics in both studies (16, 17) . The medical ethical committee of the Leiden University Medical Centre approved both studies. Informed consent was obtained from all subjects. In case of severe cognitive impairment, a guardian gave informed consent.
Subject characteristics and possible confounders
Anthropometric data was collected from all subjects. At baseline, information on common chronic diseases and medication use was obtained from the general practitioner, pharmacist's records and blood sample analysis. Information on menopausal state and past and current use of hormone replacement therapy in the middle-aged-old women was assessed by a questionnaire at baseline. The chronic diseases recorded were diabetes mellitus, chronic obstructive pulmonary disease, malignancy, myocardial infarction, stroke, and hypertension. For each subject, a sum score of chronic diseases (defined as comorbidity) was assigned.
Serum parameters
Since systemic inflammation is negatively associated with serum levels of IGF1 (18) , serum C-reactive protein (CRP) levels were measured as a proxy for systemic inflammation. Serum levels of IGF1, IGFBP3, and CRP were determined in the middle-aged-old subjects and at the age of 89 years in the oldest-old subjects. In both studies, IGF1 and IGFBP3 were determined using the automated Immulite 2500 from DPC (Los Angeles, CA, USA). CRP was measured with a standard, fully automated P800 Modular system (Roche) with a sensitivity ranging from 1 mg/l in the oldest-old subjects to 0.6 mg/l in the middle-aged-old subjects. The increased sensitivity in the middle-aged-old subjects is explained by improvements to the CRP assay in later models of the analyzer.
Handgrip strength
Handgrip strength was used as a proxy for global muscle strength (19, 20) and was measured using a Jamar hand dynamometer (Sammons Preston, Inc., Bolingbrook, IL, USA) to the nearest kilograms. Measurement of handgrip strength is a reliable instrument and has been tested in different age groups, including oldest-old subjects (21) (22) (23) . All subjects were instructed to maintain an upright standing position, arms down by the side, and holding the dynamometer in the dominant hand without squeezing the arm against the body. The width of the dynamometer's handle was adjusted to the hand size of the subjects such that the middle phalanx rested on the inner handle. Subjects were allowed to perform one test trial, followed by three trials, and the best measure was taken for analysis. Handgrip strength was measured at one time point in the middle-aged-old subjects and at the age of 89 years in the oldest-old subjects.
Measurements of functional ability in oldest-old subjects
Functional ability was measured only in the group of oldest-old subjects. Competence in the activities of daily living (ADL) was measured in the oldest-old subjects with the Groningen Activity Restriction Scale (GARS) that assesses nine areas of basic ADL and instrumental ADL (IADL) respectively (24) . The sum scores for the ADL and IADL range from 9 (competent in all activities) to 36 (unable to perform any activity without help) respectively, and their sum scores together give the total GARS score. Walking speed was assessed in the oldest-old subjects by a standardized 6 m walking test, which was validated in previous longitudinal aging studies (25) . Subjects were instructed to walk two laps of 3 m each as quickly as possible. The time it took for the subjects to walk the total 6 m was recorded in seconds, using a stopwatch. The use of a walking aid was allowed during the test.
Statistical analysis
Data were analyzed separately for men and women. The association between IGF1, IGFBP3 and handgrip strength was analyzed by linear regression using three different models. In model 1, the analysis was adjusted for height, weight, and age for the middle-aged-old subjects and height and weight for the oldest-old subjects. Models 2 and 3 were adjusted for the same covariates as for model 1 with further adjustments for CRP and comorbidity respectively. In addition, the population of middle-aged-old women was stratified by menopausal state, and all linear regression analyses were repeated. SPSS 17.0 (SPSS Inc., Chicago, IL, USA) for Windows was used for all analyses. P values !0.05 were considered statistically significant.
Results
Subjects' characteristics
Baseline characteristics of the study subjects are presented in Table 1 . Mean age of the middle-aged-old subjects was 64.3 years, and the age of the oldest-old subjects was 89 years. Height, weight, and handgrip strength were significantly higher in men and overall lower in the oldest-old subjects. As expected, the oldestold subjects had a higher number of chronic diseases. IGF1 and IGFBP3 levels were lower in the oldest-old subjects than in the middle-aged-old subjects (P!0.001). For both the middle-aged-and oldest-old subjects, there were no significant gender differences in the serum IGF1 levels, but women had significantly higher IGFBP3 levels than men in both studies (P!0.001).
Information on menopausal status was available for 325 out of 339 middle-aged-old women. Postmenopausal state, defined as cessation of menstrual period for at least 1 year, was present in 288 (88.6%) women.
Of these, only five (1.5%) women were current users of hormone replacement therapy. Of the 22 (6.8%) perimenopausal middle-aged-old women, there were three (0.9%) current users of hormone replacement therapy.
Serum levels of IGF1, IGFBP3, and handgrip strength
The multiple regression models for the association between IGF1, IGFBP3 levels and handgrip strength in the middle-aged-and oldest-old subjects are presented in Tables 2 and 3 respectively. Serum levels of IGF1 were significantly associated with higher handgrip strength in the middle-aged-old women after adjusting for age, height, and weight (0.11 kg higher handgrip strength per 1 mmol/l increase in IGF1 level, PZ0.049). However, significance was lost after adjustment for CRP and comorbidity. No significant association was observed between handgrip strength and IGF1 in men and IGFBP3 in both genders. In addition, we stratified the group of middle-aged-old women by menopausal status and repeated all linear regression analyses.
IGF1 was positively associated with handgrip strength in the postmenopausal middle-aged-old women (0.13 kg higher handgrip strength per 1 mmol/l increase in IGF1, PZ0.037) but not in premenopausal and perimenopausal women. The association did not change with adjustment for CRP (0.12 kg higher handgrip strength per 1 mmol/l increase in IGF1, PZ0.040). In postmenopausal middle-aged-old women, IGF1 was positively associated with handgrip strength in the fully adjusted model (0.15 kg higher handgrip strength per 1 mmol/l increase in IGF1, PZ0.013), but not in premenopausal and perimenopausal women. After exclusion of women receiving hormone replacement therapy, these Serum IGF1 levels were significantly associated with higher handgrip strength in the oldest-old women (0.19 kg higher handgrip strength per 1 mmol/l increase in IGF1 level, PZ0.027) but not in men. After adjustment for CRP and comorbidity, the association remained significant (PZ0.023 and PZ0.029, respectively). Moreover, serum levels of IGFBP3 were also significantly associated with higher handgrip strength in women only (1.56 kg higher handgrip strength per 1 mg/l increase in IGFBP3 level, P!0.001). Further adjustments did not change this association.
Serum levels of IGF1, IGFBP3, and functional performance and ability Table 4 shows the multiple regression models for the association between serum levels of IGF1 and IGFBP3
and ADL and walking speed in the oldest-old subjects. No association was observed between serum levels of IGF1 and ADL in both genders. Serum levels of IGFBP3 were positively associated with the GARS scores in the oldest-old women (3.17 points better GARS score per 1 mg/l increase in IGFBP3 level, PZ0.002), but statistical significance was not reached in men. An inverse association was observed between serum IGF1 levels and walking speed in the oldest-old men (1.28 s slower walking speed per 1 mmol/l increase in IGF1 level, PZ0.012). There was no significant association between walking speed and serum levels of IGFBP3 in both genders.
Discussion
We hypothesized that lower levels of anabolic factor IGF1 are associated with lower muscle strength in the middle-aged-and oldest-old subjects. Moreover, we hypothesized that lower serum levels of IGF1 are associated with impaired physical performance and disability in the oldest-old men and women. Our results show that levels of IGF1 and IGFBP3, both decrease with age, and that they are positively associated with muscle strength in postmenopausal middle-aged-and oldest-old women, but not in men. Furthermore, we found that serum levels of IGF1 were negatively associated with walking speed in oldest-old men, and IGFBP3 serum levels were positively associated with ADL in oldest-old women. IGF1 is one of the most important mediators of muscle growth and subsequent regeneration (26) affecting muscle performance due to its anabolic, hypertrophying signaling effect. IGF1 is produced mainly in the liver, where its synthesis is GH dependent (27) but is also produced in multiple extrahepatic tissues acting in an autocrine and a paracrine fashion (28) . Besides the age-dependent decline in IGF1 serum levels, tissue responsiveness to IGF1 (29, 30) as well as intracellular signaling is less efficient with age (31) . Previous studies have shown an association of IGF1 serum levels in the elderly and functional outcome parameters such as muscle strength (10, 32, 33) .
In agreement with other studies, we found a decrease in IGF1 and IGFBP3 levels with age, probably as a consequence of the decline in GH synthesis, in both male and female subjects (34) (35) (36) . However, in contrast to recently published studies, we found no significant gender differences in IGF1 levels in the middle-aged-and oldest-old subjects (37, 38) . Gender differences were present for IGFBP3 levels consistent with the findings of previous studies (39) . The relationship between serum IGF1 levels and handgrip strength was present only in women. Two other studies concluded that handgrip strength and lower values for maximal muscle power and optimal shortening velocity were associated with lower circulating levels of IGF1 in women only (32, 40) . More recently, IGF1 levels were associated with exercise capacity in healthy female volunteers (41) . The missing positive relation in elderly men in our study might be partly explained by the lower IGF1 levels in men than in women. A recent study reported gender-specific reference ranges for different age groups (39) . The serum levels of the oldest-old male subjects in our study were much lower than expected from the reference values (below 25th percentile). A possible explanation could be that lower levels of IGF1 are reflective of increased frailty in oldest-old men aged 89 years in our study cohort. Another reason for the absence of an association in elderly men could be that in men the decline in total hormonal burden is associated with detrimental outcome, rather than deficiency in a single hormone (42) . Also sex hormones are strongly associated with muscle mass in men but not in women (40) . Finally, the missing relationship between IGF1 levels and handgrip strength in oldest-old men could be explained by lack of power due to the limited number of oldest-old subjects; however, this does not explain why in the larger sample of middle-aged-old men the relation is also missing. More research is needed to point out possible underlying mechanisms of gender differences in IGF1 signaling and muscle strength.
The age-related decline in GH and IGF1 serum levels may promote frailty by contributing to the loss of muscle mass and strength. A significant positive relationship has been shown between low plasma IGF1 and functional outcome, such as impaired physical performance and self-reported difficulties with mobility tasks (10, 32, 33) . However, physical performance has also been found to be negatively associated with IGF1 serum levels (13, 35, (43) (44) (45) . Our findings regarding functional performance and ADL disability are also conflicting with higher IGF1 serum levels being associated with slower walking speed in oldest-old men and a positive association between serum levels of IGFBP3 and ADL in oldest-old women. This last For each subject, a sum score of chronic diseases (defined as comorbidity) was computed. Chronic diseases included diabetes mellitus, chronic obstructive pulmonary disease, malignancy, myocardial infarction, stroke, and hypertension.
finding is consistent with an earlier study that found a potential positive influence of IGFI and IGFBP3 in women with regard to walking speed and disability (10) . Others have reported on the association between walking speed and IGF1 serum levels in 349 oldest-old subjects and found an association between IGF1 levels and walking speed only in 54 subjects with a body mass index above 30 (9) . The finding that IGF1 levels are negatively associated with walking speed in oldest-old men is counterintuitive and is not supported by a limited number of earlier studies (9, 10) . A chance finding in spite of the limited size of oldest-old men in this study cannot be excluded. Despite these conflicting results, which could be explained by study population homogeneity with subsequent smaller ranges of IGF1 levels, the potential influence of GH/IGF1 on muscle function can best be illustrated by administration of these hormones. Acute administration of GH regulates muscle mitochondrial function by increasing the levels of several key mitochondrial proteins switching fuel utilization toward fat oxidation (46) . In addition, exogenous systemic administration of IGF1 increases the rate of skeletal muscle functional recovery after injury (47) , improves contractile function (48, 49) and fatigue resistance, and induces an increase in muscle oxidative enzymes (47) .
Our study has several strong points, particularly the large size of the study population, the large age range and its external validity, i.e. the included subjects representing the general population. The number of oldest-old subjects included in our study is significantly higher than other studies. Therefore, we conclude that our study is very comprehensive with a large number of subjects (nZ944, age range 38-89 years) and the largest number of oldest-old subjects (nZ272, all aged 89 years). Furthermore, handgrip strength is a reliable tool to measure overall muscle strength (21) (22) (23) . However, this study was set up in a cross-sectional way, and IGF1 and IGFBP3 were only measured at one time point in both study cohorts. Future longitudinal analysis in our middle-aged-old cohort will allow for further insight into the association of GH and muscle strength as well as functional performance and ability. We were unable to measure body composition, because the oldest-old subjects were visited at their home. Furthermore, we did not control for additional factors that could potentially influence the associations between the somatotropic axis and muscle strength, such as sex hormones, which were not available due to sample limitations. Finally, the relationship between serum and muscle IGF1 is not necessarily strong, because of different isoforms in muscle and liver (50, 51) and we were not able to assess muscle IGF1 directly. Also, we have not measured IGF1 bioactivity (52) as a possibly more accurate measure of IGF1 biological activity.
In summary, we found an association between serum IGF1 levels and handgrip strength in middle-aged-old postmenopausal and oldest-old women, but not in men.
Maintenance of higher IGF1 levels could therefore contribute to preservation of muscle function and subsequent muscle performance in an elderly female population. Further research is needed to address gender differences in IGF1 signaling in muscle in oldest-old subjects.
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